Abstract The lamina cribrosa is the putative site of retinal ganglion cell axonal injury in glaucoma. Although histological studies have provided evidence of structural changes to the lamina cribrosa, even in early stages of glaucoma, until recently, the ability to evaluate the lamina cribrosa in vivo has been limited. Recent advances in optical coherence tomography, including enhanced depth and swept-source imaging, have changed this, providing a means to image the lamina cribrosa. Imaging has identified general and localized configurational changes in the lamina of glaucomatous eyes, including posterior laminar displacement, altered laminar thickness, and focal laminar defects with spatial association with conventional structural and functional losses. In addition, although the temporal relationship between changes to the lamina cribrosa and glaucomatous retinal ganglion cell loss is yet to be elucidated, quantitative measurements of laminar microarchitecture have good reproducibility and offer the potential to serve as biomarkers for glaucoma diagnosis and progression.
Introduction
Glaucoma is a group of optic neuropathies characterized by progressive degeneration of retinal ganglion cells (RGCs), with resulting excavation of the optic nerve head (ONH), thinning of the retinal nerve fibre layer (RNFL), and loss of visual function [1] . Although the pathogenesis of glaucoma remains incompletely understood, the lamina cribrosa, a sieve like connective tissue structure through which RGC axons pass as they exit the eye, is thought to be the principal site of RGC vulnerability and the location of RGC axonal injury [2, 3] . Histological studies in human glaucomatous eyes have identified lamina cribrosa abnormalities; however, the temporal relationship between defects of the lamina cribrosa and glaucomatous neural damage is not well understood [4] . Recent study in nonhuman primates with experimental glaucoma have suggested that morphological changes to the lamina cribrosa might occur in the earlier stages of disease, implying that, identification of lamina cribrosa defects might be a useful diagnostic or prognostic marker [5] . Raised intraocular pressure (IOP) is the major risk factor for glaucoma; however, many patients develop glaucoma with IOP within the normal range [6, 7] . It has been proposed that structural differences in the lamina cribrosa might be responsible for the differential effects of IOP within the tissues, contributing to individual susceptibility to IOP-mediated damage, and playing a significant role in the pathogenesis of visual damage in glaucoma [2, 8] .
Located deep within the optic nerve head, until recently imaging in vivo of the lamina cribrosa has been limited. However, advances in optical coherence tomography (OCT) including enhanced depth imaging OCT (EDI-OCT) and swept-source OCT (SS-OCT) now provide a means for assessment of the lamina cribrosa. The purpose of this review is to appraise the recent literature regarding the potential role of lamina cribrosa imaging in the management of glaucoma.
The Role of the Lamina Cribrosa in the Pathogenesis of Glaucoma
Approximately 1.2-1.5 million RGC axons converge at the ONH to exit the eye through the inner (i.e. Bruch's membrane opening) and outer (i.e. scleral) portions of the neural canal [9] . Within the scleral portion of the canal, the bundled axons pass through the lamina cribrosa, a meshwork of astrocyte-covered, capillary-containing connective tissue beams [10, 11] . Anatomically, the lamina cribrosa, which is located in the posterior sclera, helps to preserve a pressure gradient between the extraocular and intraocular spaces [12] . It is within the passage of the lamina cribrosa that RGC axons are thought to be most vulnerable to IOPrelated stress and strain [13] .
The ONH as a biomechanical structure is subject to acute and long-term changes to mechanical load including changes in morphology, microstructure, and material properties [14] . In glaucoma, these changes are thought to compromise RGC axon integrity as they pass through the lamina cribrosa, either directly due to axonal compression or indirectly as a consequence of impaired mechanical or nutritional support from glial cells and lamina cribrosa capillaries. In this biomechanical paradigm of glaucomatous optic neuropathy, the susceptibility of the ONH to IOP insult is a function of both the acute and long-term response of the constituent tissues to elevated IOP [15] . Eyes with a particular combination of connective tissue geometry, pliability, blood supply, and cellular reactivity may be more susceptible to damage at normal levels of IOP, whereas others may be less vulnerable to damage [15] .
The lamina cribrosa has been shown to be subject to configurational changes in response to raised IOP. Previous study in non-human primates has shown that IOP-related damage to the load-bearing connective tissues of the ONH may occur early in the course of experimental glaucoma [16] . Morphometric evaluation of the lamina cribrosa in human eyes has also shown that significant posterior displacement and bowing of the lamina can occur in response to IOP changes [17] . Another possible factor related to axonal damage in glaucoma is the trans-laminar pressure gradient (i.e. the difference between IOP and cerebrospinal fluid pressure).
The deformation and condensation of the lamina cribrosa has already been described by previous studies, indicating that the lamina cribrosa is thinner in glaucomatous than in control eyes [4, 18] . Therefore, the trans-lamina pressure difference occurs over a shorter distance, resulting in a steeper gradient. This gradient would be increased in eyes with thin laminas or in those in which the lamina becomes thin through the course of the disease, serving as a barrier to RGC axonal transport [19, 20] . Assuming that the steepness of this pressure gradient is of importance for the susceptibility of optic nerve fibres to glaucoma, the condensation of the lamina cribrosa in glaucomatous eyes may explain why eyes with advanced glaucoma have a higher risk for progression than eyes at a moderate stage of glaucoma [21] . Additionally, a study evaluating glaucoma patients and normal subjects who underwent cerebrospinal fluid pressure measurements from lumbar puncture showed that in glaucoma patients with normal IOP levels, the cerebrospinal fluid pressure is abnormally low, leading to an abnormally high trans-lamina cribrosa pressure difference [22] .
A histological study evaluating glaucomatous eyes has suggested that regional difference in lamina cribrosa architecture might play an important role in determining the susceptibility to glaucomatous RGC axonal injury [4] . The study found the lamina cribrosa in glaucomatous eyes had larger pores in the superior and inferior poles with narrow connective tissue beams compared to the nasal and temporal regions of the lamina cribrosa. The low density of connective tissue support in these regions could lead to greater susceptibility for axonal damage and explain the clinical finding that glaucomatous eyes frequently show preferential loss of neural tissue in the superior and inferior portions of the ONH [3] . Although histological studies have provided evidence for the role of the lamina cribrosa in glaucoma pathogenesis, recent advances in imaging provide the opportunity to improve understanding through in vivo evaluation of the lamina cribrosa.
In Vivo Evaluation of the Lamina Cribrosa
Since its introduction in 1991, OCT has rapidly evolved to become widely adopted for assessment of structural damage in glaucoma. [23] . Until a few years ago, clinically available OCT instruments used a technique referred to as time-domain OCT (TD-OCT) to obtain images of the [24, 25] . The introduction of spectral domain (SD-OCT) improved resolution and scan acquisition time compared to TD-OCT, leading to better reproducibility and accuracy in quantifying structural damage in glaucoma [26] . However, ability to visualize structures such as the choroid and lamina cribrosa remained limited due to poor signal penetration through the retinal pigment epithelium and choroid, light beam defocus at the level of the choroid relative to the retina, inadequate contrast between structures of critical interest, and limited lateral resolution of the scan [27] [28] [29] . SD-OCT does not adequately resolve deep anatomical structures as it measures depth information using a frequency pattern. When the eye is illuminated and backscattered light is captured by the interferometer, the deeper a structure, the higher its delay [30] . The ''zero-delay'' line is a reference point set by the software where the image capture is optimal, typically the vitreous and retina junction. In order to overcome this issue, enhanced depth imaging (EDI) was developed by Spaide et al. [31] . Using a commercially available SD-OCT device (Spectralis, Heidelberg Engineering, Heidelberg, Germany), Spaide et al. placed the OCT closer to the eye than in normal practice, thereby obtaining an inverted image with the most tightly focused illumination more posteriorly located at the level of the choroid and inner sclera. This technology has been recently used to evaluate not only choroid but also the lamina cribrosa [32, 33] . Figure 1 shows EDI-OCT of the ONH images of the right eye from a glaucoma patient.
The wavelength of light used in an OCT system affects image resolution, and when penetration depth increases, the image resolution and signal strength decrease. Commonly used SD-OCT devices utilize wavelengths in the range of 840-880 nm [34] . A recently developed OCT technology, swept-source OCT (SS-OCT), uses 1-lm wavelength, which allows higher penetration with minimum light absorption and dispersion by the vitreous, providing improved imaging of deeper ONH structures [35, 36] . Figure 2 compares imaging with EDI-OCT and SS-OCT in the right eye of a glaucoma patient.
Recently, another technology used to evaluate the lamina cribrosa is adaptive optics. This system uses a wavefront sensor to measure ocular aberrations, for example, those induced by the lens and cornea. A deformable mirror or a spatial light modulator is then used to compensate for measured aberrations and improve image quality [37, 38] . Adaptive optics can correct ocular aberrations in real time and be combined with OCT or scanning laser ophthalmoscopy (SLO) [39] [40] [41] .
The use of EDI-OCT, SS-OCT, and adaptive optics-OCT or -SLO has allowed improved in vivo evaluation of the lamina cribrosa, including examination of laminar posterior displacement, lamina cribrosa thickness, focal defects, and three-dimensional (3D) microstructure (Table 1 ). The relationship between these parameters and ageing, severity of glaucoma and their response to different IOP levels are crucial to determine whether the lamina cribrosa can truly provide useful information for glaucoma diagnosis and monitoring or if it is able to predict glaucomatous damage better than current imaging and visual functional devices.
Posterior Displacement and Thickness of Lamina Cribrosa
A common feature observed in glaucomatous eyes and those with raised IOP has been posterior displacement of the lamina cribrosa. Yan et al. described posterior lamina cribrosa displacement following acute IOP elevation in human cadaver eyes [17] , and recent studies have observed Previous studies have suggested that elevated IOP could disrupt the structural organization of the lamina cribrosa, interrupting the axoplasmic flow; however, age might affect structural stiffness or compliance of the ONH and peripapillary sclera and therefore contribute to individual responses to a given level of IOP exposure [4, 18, 44] . In fact, Ren et al. investigated if the lamina would be less posteriorly deformed in older eyes than in younger eyes under a similar level of IOP exposure. Their findings suggested that the lamina cribrosa might be shallower in older patients, and this age-related difference increases with disease severity [44] .
Seo et al. investigated lamina cribrosa depth in 300 normal eyes using EDI-OCT. Lamina cribrosa depth was measured using the Bruch's membrane opening level as the reference. The results showed a wide variation in normal lamina cribrosa depth, with a mean of 402 ± 101.46 lm (range 193.08-826.81 lm) [45 • ]. Males had significantly deeper-located lamina cribrosa than females, in agreement with a previous observation that males tend to have a larger mean cup depth than females [46] . Axial length was also found to have a negative correlation with lamina cribrosa depth. In myopic eyes, increasing axial during childhood can result in posterior migration of the temporal sclera and flattening. Consequently, the optic nerve is pulled temporally, and the connection between the temporal disc and the sclera also becomes flattened, leading to an oblique (or tilted) appearance of the optic disc [47] . It is likely that these changes are associated with shallowing of lamina cribrosa depth. Although the position of the lamina cribrosa may change during the glaucomatous process, the wide variation in lamina cribrosa depth in normal patients may limit the ability of lamina cribrosa measurements for diagnostic purposes, especially if factors such as axial length are not also taken into account. For this reason, future studies with longitudinal measurements over time may provide a more useful index for glaucoma management.
The thickness of the lamina cribrosa may also have a significant impact on the biomechanics of the ONH, playing an important role in the pathogenesis of glaucomatous optic nerve damage [48, 49] . Previous reports have suggested that the lamina cribrosa is thinner in glaucomatous eyes, and thinning becomes more pronounced as the disease progresses. [50] . Park et al. investigated the ability of laminar thickness versus RNFL measurements in diagnosing glaucoma with EDI-OCT in a cross-sectional study [33] . The mean laminar thickness differed significantly Figure 3 illustrates the comparison between the right eye of glaucoma patient (with localized RNFL defect, thinning of the lamina and also, a focal defect in the lamina cribrosa) and a healthy subject.
Inter-observer reproducibility of laminar thickness measurements has also been investigated, with reported inter-observer intraclass correlation coefficients of 0.906 and 0.907 when measured by EDI-OCT and SS-OCT, respectively. These results suggest that the detection rate of the posterior border of the lamina cribrosa was similar for the two devices, with good reproducibility [51] .
Focal Defects of the Lamina Cribrosa
In addition to changes in lamina cribrosa depth and thickness, previous studies have suggested that focal lamina cribrosa defects may be important structural features in glaucoma and could potentially serve as biomarkers for glaucomatous visual field loss [3, 52] . Figure 4 illustrates the right eye of a glaucoma patient with localized RNFL defect and a focal defect in the lamina cribrosa. A cross-sectional study investigated the association between focal lamina cribrosa defects and neuroretinal rim thinning/notching and acquired pits of the optic nerve [53] . A laminar hole was defined as a localized discontinuity of lamina cribrosa tissue, whereas laminar disinsertion was defined as a posteriorly displaced laminar insertion. Both types of lamina cribrosa defects were required to be at least 100 lm in diameter. By superimposing the images of the 3-dimensionally reconstructed focal lamina cribrosa defects (i.e. laminar holes or disinsertions) and optic disc photographs, they found that 33 % of the focal lamina defects identified on EDI-OCT imaging were clinically visible through the photographs, and also, the focal lamina defect corresponded to acquired pits of the optic nerve. The remaining lamina defects corresponded to neuroretinal rim thinning/notching, but these lamina defects were not visible in the photographs. These results suggest focal lamina cribrosa defects may be associated with neuroretinal rim loss and acquired pits of the optic nerve and these defects can be visualized more effectively using EDI-OCT than optic disc photographs. One limitation of this study was the exclusion of 54 from 239 eyes initially included because of incomplete horizontal or vertical EDI-OCT images or due to poor-quality EDI-OCT images secondary to media opacity, irregular tear film or poor patient cooperation. Moreover, defining the cutoff for lamina cribrosa defect in 100 lm may have underdiagnosed some patients with smaller laminar defects. Tatham et al. investigated the frequency and location of lamina defects and their relationship with RNFL defects using EDI-OCT [54] . Their study demonstrated that focal lamina cribrosa defects might be detected in vivo using EDI-OCT in glaucomatous eyes with localized RNFL defects, with good inter-observer agreement [54] . At least one focal lamina cribrosa defect was detected in 75 % of the eyes with a localized RNFL defect, suggesting that focal lamina cribrosa defects might predispose to localized loss of RGC axons passing through the damaged sector. In another investigation, eyes with focal laminar defects were found to have significantly higher prevalence of disc haemorrhages (25 vs. 6 %), normal tension glaucoma (33 vs. 9 %), and worse visual field mean deviation (-14.12 vs. -9.58 dB) compared to eyes without focal defects [55] . Lee et al. also investigated whether disc haemorrhages were associated with structural alteration of the peripheral lamina cribrosa assessed by EDI-OCT [56] . Lamina alterations were found in 88.9 % of eyes with disc haemorrhage versus 11.1 % of eyes without haemorrhage, suggesting that structural changes in the lamina may be spatially associated with disc haemorrhage [56] . However, it is important to note that in the study only the temporal lamina was evaluated, since visualization of the other regions was obscured by thick neuroretinal rim or by central retinal vessels. In addition, approximately 25 % of the initial sample was excluded due to poor visualization of lamina structures.
A retrospective observational study evaluated the association between lamina cribrosa defects and glaucomatous visual field progression [57] . The study enrolled patients with at least 5 visual field tests using standard automated perimetry and pointwise linear regression analysis was used to define progression [58] . The EDI-OCT images were reviewed for the presence of laminar holes and laminar disinsertions. Visual field progression occurred in 47 % of eyes with focal lamina cribrosa defects versus only 25 % of eyes without lamina cribrosa defects (P = 0.003). Although these findings suggest that laminar defects may be associated with risk of progression, it is important to emphasize that the retrospective design of the study does Fig. 4 Optic disc photographs, optical coherence tomography (OCT) measurement of circumpapillary retinal nerve fibre layer (RNFL) thickness (a) and enhanced depth imaging OCT images (Spectralis, Heidelberg Engineering, Heidelberg, Germany) of the right eye of a patient with glaucoma (b). A localized RNFL defect is visible on optic disc photography (small arrows) with corresponding inferotemporal RNFL thinning on OCT. Radial line EDI-OCT images were taken through the optic nerve head with the direction of the scans shown on the optic disc photographs (large arrows). EDI-OCT shows two focal defects in the lamina cribrosa (arrow heads) in the region of the visible RNFL defect not allow establishing a causal relationship. It is possible that the laminar defect could be just an epiphenomenon related to glaucoma progression. These studies, however, open exciting venues for the evaluation of the role of the lamina cribrosa as a potential site for assessment of risk of development and progression in glaucoma.
Microarchitecture of the Lamina Cribrosa
Different studies have also attempted to evaluate the microarchitecture of the lamina cribrosa in glaucoma [59] [60] [61] [62] . Initial studies were performed using colour disc photography or SLO [59] [60] [61] [62] , however, the low resolution and poor visualization of the laminar pores limited proper evaluation of microarchitecture with these techniques. Improvement in visualization of lamina cribrosa microarchitecture has been achieved with SS-OCT and adaptive optics technology. For example, Akagi et al. evaluated lamina cribrosa pores using adaptive optics-SLO from 40 eyes (20 normal and 20 glaucomatous), concluding that pore area was significantly larger in glaucomatous subjects than in normal subjects and was significantly associated with cup/disc ratio [38] . Changes in the laminar pore dimensions may be attributable to various factors such as tissue remodelling and mechanical deformation of the lamina cribrosa. Also, this study was the first to report that lamina cribrosa pore area was also associated with axial length (P \ 0.001). However, the reason for this association is currently uncertain, although the elongation of the axial length may lead to a lateral extension of the lamina [3] .
Recently, a combination of adaptive optics with SD-OCT has also allowed 3D in vivo imaging of the lamina cribrosa [63, 64] . Using this technique, an automated segmentation method for lamina cribrosa microstructure evaluation was developed [65 •• ] . The automated segmentation scans of the lamina cribrosa were compared against manual segmentations of coronal slices of the lamina cribrosa, using two different OCT technologies (Prototypes of SS-OCT and a adaptive optics-OCT) [65 •• ] . The study evaluated 16 glaucoma patients and 14 normal subjects and adopted a manual segmentation of the lamina cribrosa as the gold-standard reference. Average sensitivity and specificity of the automated segmentation for glaucoma detection was 82.3 and 91.0 for SS-OCT and 80.1 and 88.0 % for adaptive optics-OCT, respectively. These results show that an automated method for 3D lamina cribrosa structure segmentation can perform similarly to manual segmentation with the advantage of being 100 times faster. Therefore, the automated algorithm permits rapid 3D segmentation for use in broader population studies of lamina cribrosa microarchitecture [65 
The same group has investigated repeatability of 3D lamina cribrosa microarchitecture scans using the automated segmentation in a prototype adaptive optics-OCT [66] . Lamina cribrosa segmentations were used to quantify pore and beam structure through several global microarchitecture parameters. Similar measurements from pore and beam structure were observed on repeated scans, demonstrating high repeatability with imprecisions of less than 4.7 %, suggesting that quantitative measurements of lamina cribrosa microarchitecture obtained from adaptive optics-OCT automated segmentation might be used for assessing longitudinal changes in the lamina cribrosa over time. However, this study also showed measurement of the whole lamina cribrosa was often not possible, due to difficulty of visualization of the peripheral lamina cribrosa, which was obstructed by neural tissue, vasculature, and peripapillary sclera.
Automated segmentation has also been used with SS-OCT. Wang et al. investigated 3D lamina cribrosa microarchitecture in 68 eyes (49 glaucomatous and 19 normals) using a SS-OCT device [67] . Larger beam thickness to pore diameter ratios and higher pore diameter standard deviations were observed in the glaucoma group, possibly reflecting beam remodelling in glaucomatous eyes, with axonal loss, reduction in pore size, and increased pore size variability [67] . Microarchitecture measurements of the lamina cribrosa using SS-OCT had good reproducibility with an imprecision of less than or equal to 4.2 % [68] .
Limitations of in vivo Evaluation of the Lamina Cribrosa
Despite the advances in lamina cribrosa imaging, current technology has several limitations. A major problem is the difficulty of visualizing the peripheral lamina due to blood vessels, scleral shadow, and broken images. Despite using algorithms to remove vascular shadows and enhance the contrast level of the images, most of the studies revealed significant rates of exclusion of lamina cribrosa images due to poor visualization, which may significantly limit the utility of in vivo lamina cribrosa imaging as a structural parameter to assess glaucomatous damage [33, 56] . Image quality will also decrease due to media opacities and small pupil size [69] .
Current studies evaluating lamina cribrosa changes in glaucoma have primarily limited examined macro-architecture features using manual segmentation from OCT images, such as posterior displacement, lamina depth, and lamina thickness. However, manual delimitation of lamina cribrosa parameters may lead to subjective errors and imaging processing can be time consuming [33, 56] . Although automated segmentation methods have been described, currently, there is no commercially available software for this purpose. Also, the lack of a normative database for lamina cribrosa parameters means one is unable to determine whether an individual exam is within normal limits or not. Variability in normal lamina cribrosa structure, for example, due to differences in axial length, may also limit the usefulness of lamina cribrosa as a diagnostic tool, unless it is used for longitudinal analysis. Moreover, to date, the evaluation of the lamina cribrosa in glaucoma has been limited to cross-sectional studies. Longitudinal studies are necessary to confirm the real usefulness of lamina cribrosa measurements in glaucoma management.
Conclusion
Recent advances in imaging have significantly improved our ability to evaluate the lamina cribrosa in patients with glaucoma, providing a means to study the putative site of neural damage. There is growing evidence of association between lamina cribrosa structure and other structural and functional measures of glaucoma, which suggests that evaluation of the lamina cribrosa may prove a useful addition to clinical imaging options for detecting glaucoma and glaucoma progression. Lamina cribrosa imaging also has the potential to improve understanding of mechanisms of glaucomatous RGC injury, and although the temporal relationship between lamina cribrosa and neural changes remains uncertain, there is the possibility that lamina cribrosa changes may be a useful biomarker of increased risk of neural losses. Despite the promise of lamina cribrosa imaging in glaucoma management, further studies are needed. Particularly, there is a need for prospective studies evaluating lamina cribrosa changes over time and their relationship with glaucoma progression. The idea of expanding the algorithms to allow automated detection of laminar thickness and focal defects would also make testing more practical from a clinical standpoint. Despite these limitations, quantitative measurement of lamina cribrosa architecture is now possible, offering the potential to serve as a biomarker for glaucomatous damage and providing novel insights into this blinding disease.
